The maximum output power from a single laser, whether based on a fiber, bulk, or semiconductor amplifier, is limited by effects such as nonlinearities, thermal lensing, and optical material degradation. Using several lasers in parallel operating below the degradation limit appears as the most efficient solution to increase the output power at a reduced cost. Combination techniques as coherent beam combining are then necessary to scale the brightness [1] . Moreover, because of the nonuniform aperture in the near field, the far-field profile resulting from the coherent combination of several lasers is composed of interference peaks in which the total output power is distributed; its center intensity is proportional to the fill factor of the laser arrangement, defined as the ratio of the emitting area of one laser to that of the laser array. Since, for many applications, maximal on-axis far-field intensity is required, an efficient conversion of the multilobed beam into a Gaussian profile is necessary to further improve the beam quality. Diode laser arrays are particularly sensitive to this issue, as low fill factors are necessary to limit the thermal load and reach high output powers.
Several techniques aiming at converting the emission from a low-fill-factor coherent laser array into a single lobe have been investigated [2] . In this work we describe an entirely passive solution consisting in the superposition of laser beams by use of a diffractive optical element (DOE). Indeed, a proper design of the phase profile of the DOE provides a fine control of the amplitude and phase of these diffraction orders. Thanks to the reciprocity of light propagation, this optical device can also combine many coherent laser beams on top of one another as long as their phases, amplitudes, and angles of incidence match its diffraction pattern. The DOE may be used inside an external cavity to phase lock and combine the lasers [3] or outside the laser cavity to superpose the coherent laser beams [4, 5] . The major drawback of the first configuration lies in the inherent additional intracavity losses due to the Ͻ100% DOE transmission, which may become detrimental to the phase-locked operation of the laser array by reducing the actual coupling between emitters. In this Letter, we propose to coherently superpose the beams from an array of ten phased-locked diode lasers with a DOE outside the laser cavity. We also demonstrate that this technique provides an effective measurement of the coherent power within the overall laser emission.
The laser array consists of ten narrow indexguided tapered diode lasers characterized by a single emitter total width of 2w =30 m at 1/e 2 and a pitch p = 100 m. The phase-locked operation of the laser array is obtained through an extended cavity configuration, which induces a diffractive coupling between the emitters. The external cavity setup, which consists of a Talbot cavity closed by a volume Bragg grating, has already been described and fully characterized in [6] . Depending on the tilt of the output coupler, either in-phase or out-of-phase supermode operation can be obtained. A maximum output power of 1.7 W has been obtained at 4 A with in-phase mode operation. Because of the low fill factor (30%) and the slightly multimode emission of the emitters, the far-field profile is composed of 15 interference peaks included in a 150 mrad large envelope. The central lobe has a total width of 2.5 mrad and contains 15% of the total power. The fringe visibility of the far-field pattern, defined as V = ͑I max − I min ͒ / ͑I max + I min ͒, where I max ͑I min ͒ is the maximum (minimum) intensity of the central lobe, is 0.9 close to the threshold and goes down to 0.8 at 4 A. This confirms the good phase locking of all the emitters.
Our coherent combination setup is depicted in Fig.  1 . The emission area of the phase-locked laser array is imaged onto the plane NF by a cylindrical afocal lens system working in the slow axis ͑L 1 ,L 2 ͒. An additional phase mask onto the NF plane is used to adapt the phases of each beam to match the diffraction pattern of the DOE. The DOE, placed on the Fourier plane of collimating lens L 3 , converts these ten beams into a single one. In the focal plane NFЈ of L 4 , the imaged near-field profile consists of one main peak containing most of the optical power. As a DOE, a simple binary (, 0) phase grating (or Dammann grating [7] ) has been chosen. The amplitudes ͑ n ͒ of the diffraction orders of such a grating can be expressed as [8] 
where a = f 3 ϫ/ p is the period of the grating related to the focal lens of the Fourier lens L 3 and ͕x s ͖ are the N phase shifting positions defining one pattern of the grating. The phase profile ͕x s ͖ of this grating has been numerically determined so that its diffraction pattern matches the theoretical sinusoidal envelope of the near-field intensity profile of either the inphase or the out-of-phase mode following the classical expression [9] : cos 2 ͑x / ͑M +1͒p͒, where M is the number of emitters. The phase state required in the near-field plane NF is given by the relative phases of the diffraction orders ͕ n ͖ of the Dammann grating. The efficiency of the solution is evaluated by the combination efficiency , defined as the ratio between the power combined into the main spot in NFЈ (see Fig. 1 ) and the total optical power in that plane = P comb / P tot .
Our best design, which consists in a pattern with only one phase step, {x 1 / a = 0.41, x 2 / a = 0.59}, results in a theoretical combining efficiency 0 = 83%, similar to the one obtained in [5] . It requires a ͕ ,0, ,0,0,0, ,0, ,0͖ phase state in the NF plane, which corresponds to neither the in-phase mode nor the out-of-phase mode but is actually close to the latter with the fifth emitter phase shifted by . A simple phase mask, with one phase step, has to be used in the NF plane (see Fig. 1 ) to adapt the phase state of the near-field profile. In Fig. 2 , we compare the theoretical near-field profiles obtained in NFЈ with and without the DOE for a mode with the previously determined phase state and a cosine intensity profile. Obviously, the DOE permits most of the optical power to be combined into a single spot. The remaining power is distributed into parasitic peaks corresponding to replicas of the diffraction orders of the grating.
The Dammann grating was manufactured by Holoeye Photonics according to our design. From its diffraction pattern we deduce a diffraction efficiency 0 = 83% in accordance with the theoretical value.
The phase mask was realized in our laboratory by ion etching of a BK7 plate. It consists of a phase step of 0.99 at = 976 nm, and a width of 80 m. Neither the phase plate nor the Dammann grating are antireflection coated; we evaluate the transmission of the optical system to T = 85%. The overall combining efficiency is then given by = C 0 , where C is the effective power ratio contained in the array supermode. We first set the laser array close to threshold: I = 1.6 A, P laser = 340 mW at the output of the extended-cavity laser, the volume Bragg grating being aligned to force out-of-phase mode operation. The near-field profile of the phase-locked array in the plane NFЈ obtained with the DOE is compared with the pattern obtained without it in Fig. 3 . As expected, with the DOE it exhibits a strong peak with low sidelobes; the experimental combining efficiency is = 44%. This lower efficiency is attributed to imperfect phase locking ͑C Ͻ 1͒ of the lasers in the Talbot cavity and is detailed in the next paragraph. At higher operating currents, owing to stronger competition with self-running operation and the slightly multimode emission of the lasers, decreases but still remains higher than 35%. At the maximum operating current (I = 2.9 A, P laser = 984 mW) possible at the time of the experiment because of a degradation of the diode laser bar, the power contained in the major peak is evaluated to P comb = 365 mW after correction for the transmission of the optical system. The beam quality factor of the combined beam has been measured to 
It is noteworthy that the combination setup provides a direct measurement of the coherent compound C through the measurement of the overall combining efficiency . The experimental evaluation of C has been compared with theoretical evolution, as deduced from the visibility V of the far-field profile, which is a standard criterion to estimate the coherence. The far-field profile of a phase-locked array of lasers may be described as the superposition of an incoherent, Gaussian shaped, intensity profile I inc ͑͒ related to the self-running of the lasers and a coherent supermode far-field profile I coh ͑͒ [9] :
͑2͒
with k = 1 for the in-phase mode and k = M = 10 for the out-of-phase mode. C is thus the ratio of the coherent power to the total power of the laser array. The visibility has been computed from these far-field profiles for different values of C (see Fig. 4 ), in the out-ofphase mode. A visibility V of 0.8 corresponds to 50% of the coherent power, which leads to a combining efficiency = C 0 = 41%, in agreement with our experimental results. Experimentally, the visibility V of the far-field profile at the output of the Talbot external cavity has been determined for different operating currents; in parallel, the combining efficiency in the NFЈ plane has been measured, from which we deduce the experimental coherence C. Figure 4 compares the theoretical and experimental evolution of C with V. The measured proportion of coherent power C remains close to 50% whatever the fringe visibility. We attribute the difference between the experimental and the theoretical evolutions to the contribution of other supermodes that do not affect the fringe visibility but that cannot be converted in a single beam by our setup, since their phase state does not match the diffraction pattern of the DOE. Moreover, the emitters being slightly multimode, the experimental far-field pattern is larger than the one that was considered for the design of the grating.
In summary, we have demonstrated the use of a DOE to combine the beams from an array of ten coherent tapered diode lasers. A simple setup with a Dammann grating and a phase plate has been developed. A maximum output power of 365 mW in a quasi-Gaussian beam with an M 2 of 1.7 has been obtained. Our configuration, which sets apart the phase-locking of the emitters and their coherent superposition, appears fully adequate for high-power arrays. In addition this setup characterizes the emission of the phase-locked laser array by providing an effective measurement of the amount of power emitted in one supermode of the array, which leads to a more accurate evaluation of the phase-locking quality than the usual analysis of the far-field profile.
